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論 文 内 容 要 旨          
The title of this thesis is “Fabrication of Plasmonic Split-Ring Resonator Arrays for Three-dimensional Optical 
Metamaterials”. This thesis aims to establish fabrication methods of Au nanostructures which exhibit unique optical properties 
in the visible light frequency regions to develop to three-dimensional optical metamaterials. The author systematically 
investigated the fabrication methods based on ultraviolet nanoimprint lithography (UV-NIL) which is an industrially acceptable 
nanofabrication method. First, the author developed reactive ion etching (RIE) apparatus to demonstrate anisotropic etching for 
removal of a residual layer underneath nanoimprinted patterns. The low plasma density demonstrated by the developed 
apparatus allowed the anisotropic etching by tuning a gas mass flow rate, pressure in the chamber, and RF bias power. It was 
also revealed that UV-cured resin patterns composed of bisphenol-A based monomers worked as a dry etching mask to transfer 
imprinted morphologies with 50-nm-size structures into substrate surfaces. Second, the enhancement of dry etching resistance 
of UV-cured resin films was demonstrated using organic/inorganic hybridization methods. The atomic layer deposition 
(ALD)-based inorganic modifications realized uniform hybridization of resins. Although the inorganic modifications were 
effective for enhancement of resistance in chemical etching processes, there were no significant effects on physical ion 
bombardment such as Ar ion milling processes. It was found that inorganic thin films deposited by ALD had good resistance 
enough to etch Au films. The Au split-ring resonator (SRR) arrays with small gap width were fabricated by UV-NIL using 
inorganic thin films. Another attempt to obtain high etching resistance was reverse-tone lithography method utilizing the dry 
etching contrast between an imprinted layer and a top-coated layer. The author developed UV-curable resin composed of two 
bisphenol-A based monomers suitable for the top-coat layer. The top-coat method without organic diluents allowed the 
preparation of thin top-coated layers uniformly on the imprinted resin layer. Furthermore, the uniform Au SRR arrays which 
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had small deviations of line and gap widths were obtained. Considering the changes in morphologies of Au nanostructures 
during etching process, the metal etching processes using an Ar gas still have to be improved because of the occurrence of 
widened gap widths. Finally, the author demonstrated a lift-off process which comprised UV-NIL and metal deposition 
methods to fabricate Au nanostructures. The process was the most preferable candidate for fabrication of Au SRR arrays 
because the increases in gap width or the deviation of line and gap widths occurring in Au etching processes were suppressed. 
The process also enabled to fabricate multilayer structures without alignment system. The author proved that the lift-off process 
based on UV-NIL had an important role in fabrication of optical metamaterials for development of three-dimensional practical 
applications. 
 In the first chapter, the author described unique optical properties of metamaterials and motivations to realize 
optical metamaterials. Artificially designed structures which are much smaller than wavelength of electromagnetic waves, 
named metamaterials, have received increasing attentions because of their unique optical properties such as negative refraction. 
SRR is one of originally proposed structures, which exhibits negative permeability when a magnetic field of incident light 
penetrates SRR. In a decade, according to one of the research trends of metamaterials demonstrating optical metamaterials 
which are functionalized in the visible light frequency region, the size of the unit cell of an SRR has been downscaled to 
sub-micro and sub-100-nm sizes. However, conventional time-consuming fabrication techniques limit the pattern area to 
smaller than several hundred micrometers. The situation causes the difficulties in further optical investigations and 
development to three-dimensional practical applications. The author proposed the fabrication processes based on UV-NIL 
which is a promising, industrially acceptable method, to fulfill these requirements.  
 In the second chapter, dry etching system based on a parallel plate-type etching apparatus was established for 
sub-50-nm-size nanofabrication without any complicated technique or tool. In a lithography process using UV-nanoimprinted 
resist patterns as a mask layer, anisotropic etching is required to remove underneath residual layers and to transfer the patterns 
onto the substrate precisely. The resist patterns left on the substrate after removing the residual layers should have dry etching 
resistance enough to etch the substrate. The author focused on the dry etching apparatus with a parallel plate configurations 
which was a typical plasma etcher for demonstrating RIE. The plasma density induced by a RF bias power was mainly 
determined by the distance between two electrodes. In the past decades, the approaches for realizing dense plasma by reducing 
the distance between electrodes have been investigated for micro-electro-mechanical sensors. For the precise fabrication of 
50-nm-size patterns, a new design of parallel-plate dry etching apparatus was required to obtain low plasma density. The author 
designed and set up an apparatus with a parallel electrode distance of 135 mm to carry out anisotropic oxygen (O2) RIE. 
Imprint resist patterns with 45 nm line-and-space on a silicon wafer were fabricated using a bisphenol-A based resin by UV 
nanoimprinting under an easily condensable gas atmosphere. Changes in the pattern morphologies in terms of etching 
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parameters of an O2 mass flow rate, an O2 pressure, and a RF bias power were investigated by field-emission scanning electron 
microscopy using cross-sections of imprint patterns on Si substrates. Steep resist patterns with a linewidth of 45 nm and 
without a residual layer could be left on a silicon wafer after O2 RIE. The author revealed that anisotropic etching was realized 
under the condition of a high O2 mass flow rate, low chamber pressure, and low RF bias power. Line and space patterns of 45 
nm width could be transferred to a Si substrate using the resist mask by a subsequent dry etching process. 
In the third chapter, the enhancement of dry etching resistance of UV-cured resin and the fabrication of the Au SRR 
arrays by UV-NIL were demonstrated. In a UV-NIL process for the fabrication of metal nanostructures, UV-cured resist 
patterns with high dry etching resistance were required for precise pattern transferring onto the metal substrate. Common 
lithography methods for nanofabrication with UV-cured resin patterns adopt chemical etching to obtain high etching selectivity. 
However, when Au films are etched, physical dry etching processes such as Ar ion milling are needed because Au is unreactive 
to chemical gases. The author focused on ALD-based inorganic modification methods such as sequential infiltration synthesis 
(SIS) and sequential vapor infiltration (SVI) to enhance the dry etching resistance of UV-nanoimprinted resist for Au etching. 
The author investigated the infiltration behaviors of trimethylaluminum (TMA) into UV-cured resin which showed good 
pattern formability and a small release of energy in UV nanoimprint processes. For a systematic study based on the chemical 
structures of base monomers, the author selected two monomers that had almost the same structure with or without hydroxy 
groups. The effects of organic/inorganic modification by ALD, SIS, and SVI methods on etching resistance were investigated 
by O2 RIE and Ar ion milling. It was found that the UV-cured resin composed of a monomer with hydroxyl groups trapped 
TMA on film surfaces and suppressed infiltration uniformly in the ALD process. On the other hand, SIS and SVI processes 
which had longer dose periods of TMA allowed the hybridization of UV-cured resins uniformly. Moreover, the O2 RIE 
resistance of UV-cured resin films modified with SIS or SVI methods was improved. However, the Ar ion milling resistance of 
UV-cured resin films was almost consistent with the non-modified resin films. The results suggested that ALD-based 
organic/inorganic hybridization to enhance etching resistance was probably useful in the processes of chemical etching. The 
author revealed that the resin layer modified by ALD method could be removed by O2 RIE and the inorganic layer deposited 
onto the Au films by ALD method was a mask suitable for Au etching in Ar ion milling. The Au SRR arrays with a small gap 
width of 25 nm were successfully fabricated by Ar ion milling using the Al2O3 inorganic mask layer deposited on Au surfaces. 
In the fourth chapter, the author proposed reverse-tone lithography in the print-and-imprint method for fabricating 
Au SRR arrays. Reverse-tone lithography is well known as a potential method to overcome crucial problems such as poor 
etching resistance of organic resist patterns and uneven residual layer thickness derived from uneven substrate surfaces. The 
method is based on contrast in dry etching resistance between an imprinted layer and a top-coated layer. However, in the case 
of using each UV-curable resin for an imprinted layer and a top-coated layer, spincoating and prebaking methods are needed 
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for obtaining a top-coated layer on the imprinted surfaces because diluted UV-curable resin is used. Since dewetting occurs in 
the case of using diluted resins by spincoating or prebaking on patterned films, therefore, sophisticated methods for obtaining 
thin films on uneven or patterned films are required. The author focused on screen printing which allowed the placement of 
high-viscosity UV-curable resin droplets with a small amount onto designed areas. It was revealed that UV-curable resins with 
a wide viscosity range of 6–266 Pa∙s were applicable without solvent dilution for the control of film thickness in the method. In 
particular, the resin with a viscosity of 12.8 Pa∙s showed screen-printed dot formability in several hours because of its 
nonvolatility. The author developed the UV-curable resin with 11.0 Pa∙s by mixing two bisphenol-A based monomers for 
screen printing. The dry etching resistance of the cured film to O2 RIE and Ar ion milling had no significant difference from the 
cured film of resin, which was used as a top-coated layer in reverse-tone UV-NIL. The author finally demonstrated that the 
developed resin worked as a second top-coated layer on a first imprinted layer through the fabrication of Au SRR structures 
with a line width of 49 ± 2 nm and a gap width of 55 ± 3 nm. 
In the fifth chapter, the author demonstrated a lift-off process based on UV-NIL methods for the fabrication of 
uniform Au SRRs with small gaps and multilayer SRR arrays. The lift-off process is a promising method for fabrication of 
metal nanostructures without metal etching. The process comprises following three fabrication steps; (i) fabrication of organic 
resist patterns onto a substrate, (ii) metal deposition, and (iii) removal of resist layer by immersing in a solvent to dissolve 
organic layers. Although the lift-off process is not commonly used in UV-NIL processes because cross-linked UV-cured resins 
were hardly dissolved in organic solvent required in the process, metal nanostructures can be fabricated by lift-off process using 
a sacrificial layer in the UV-NIL process. The author demonstrated a lift-off process based on UV-NIL methods using a 
sacrificial layer of poly(methyl methacrylate) (PMMA) to remove resist layers with an organic solvent after metal deposition. 
The inorganic SiO2 layer was also inserted between a UV-cured resist layer and PMMA sacrificial layer to obtain high etching 
resistance to prevent the sacrificial layer from being dissolved during a spincoating process of UV-curable resin. The SRR 
structures were successfully transferred onto the resin films by UV nanoimprinting without peeling-off of a SiO2 or PMMA 
layer from a silica substrate. The line and gap widths of SRR structures transferred onto the SiO2 layer were almost consistent 
with SRR mold designs. The Au SRR arrays with 18-nm-wide gaps and multilayer of Au (20nm)/SiO2 (5nm)/Au (20nm) SRR 
arrays with 10-nm-wide gaps were obtained by the process without a metal etching. It was proved that the developed lift-off 
process based on UV-NIL method enabled the fabrication of uniform Au SRR arrays. The method opened the possibility of 
multilayer fabrication process in UV-NIL without any alignment processes.  
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